We present conclusions for the SBe scattering system from a multi-channel calculation in the framework of a microscopic nuclear cluster model. The energy region from e-c~ threshold up to 30 MeV center of mass is investigated; results of an eigcnphase analysis for J~-values from 0 + to 4 + and 0 to 4-are displayed. For comparison and completion we have performed quasibound state calculations taking into account possible combinations of participating structures. The results throw light upon a complicated sequence of resonant states and moreover predict the occurrence of some additional levels in the energy spectrum.
Introduction
In recent years increasing interest has been taken in the eight-nucleon problem and especially in the SBe scattering system. In the energy region from ~-~ threshold up to about 30MeV c.m. experimental investigations have disclosed more or tess complicated sequences of scattering states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In this context the most interesting energy region seems to be between the 7Li-p threshold (17.256MeV ) and about 25MeV where several thresholds with fragments stable under particle decay are found. Theoretical investigations of the 8Be scattering system have used the usual approaches. There are the intermediate coupling version of the shell model which was applied to (1 p)-shell nuclei for mass numbers 4<A < 16 [13, 14] and shell model calculations for (1 p)-shell nuclei using simple effective interactions [15, 16] . Approaches using many-level R-matrix theory [17] , projected Hartree-Fock calculations [18] , and configuration interaction calculations [19, 20, 21] which allow for collective motion, were reported. However, all these calculations could not bring the diverse experimental findings into one co-herent description. To amend this situation deformed SBe nuclei were proposed in [16] . Investigations in the framework of the cluster model picture can take that demand into account. Recently, attempts have been undertaken to perform microscopic multi-channel cluster model calculations for the eight-nucleon problem [-22-25] . A two-channel ~-~, ~-~* calculation [22] yielded first results of greater importance. It could be shown that the ground state rotational band of the ~-~ configuration is duplicated above the ~-~* threshold with a moment of inertia about a factor of two larger than that of the ground-state band. In the meantime there is strong experimental evidence that this band actually appears [25] . A multi-channel cluster model calculation for the reactions 7Li(p,p)TLi and 7Li(p,n)TBe [23] gave a first microscopic description of the 8Be scattering system in the energy region from the VLi-p threshold at 17.256MeV up to about 19.5MeV c.m.
That calculation, however, was still afflicted with some characteristic insufficiencies of former calculations. In the meantime the difficulties could be overcome and an impressively good description of the SLi scattering system could be given (cf, [24] ), disclosing correlations of a complicated reaction mechanism. In addition the complementary significance of scattering-and bound-and quasibound state calculations for the eight-nucleon problem could be shown. Starting with the experiences made so far we have performed microscopic cluster model calculations for the SBe scattering system. The scattering calculation is essentially an extension of the calculation reported in [23] : We use a modified effective spin-orbit force, include additional channels for J== 3 +, and calculate the S-matrix over a larger energy range. In Section 2 we shall briefly outline the relevant details of our calculations. In Section 3 we present calculated eigenphases and-where necessary for elucidation-call to notice diagonal phase shifts and channel coupling strengths. In Section4 results of quasibound state calculations are displayed and interpreted. Finally, in Section 5 we shall give a comprehensive discussion of the results found in the unterlying calculations and compare them with results obtained from recent SLi calculations [24] .
The Calculation
Our method has been described in great detail elsewhere (cf., e.g., [-24, 26] ) and so we may focus our considerations on the essential points. We use the Kohn-Hulth6n variational procedure with multi-channel testfunctions of the refined cluster type and a force derived from two-nucleon data. The spinorbit force is multiplied by a factor of (A/2-1) according to recent findings [24, 28] . For the present calculation we shall take into account all systems which consist of two fragments stable under particle decay. These are the fragmentations ~-~, 7Li-p, 7Li*-p, 7Be-n, 7Be*-n, and 6Li-d. The corresponding wave functions and parameters are given in the Appendix. Angular momenta L =0,2,4 in the relative motion of the ~-e fragments, and L = 0, 1, 2 for 7Li-p, VLi*-p, 7Be-n, 7Be*-n, are considered. For J= = 3 + the additonal allowance for L = 3 is necessary since otherwise the 7Li*-p and 7Be*-n structures would be excluded from our consideration for that case. We shall see later that just these fragmentations are responsible for some interesting features. In the relative motion of 6Li-d angular momenta L--0, 1, 2, 3 are taken into account. As a result we end up with the following numbers n of coupled channels per J=-value J= 0 + 1 + 2 + 3 + 4 + 0- the fragmentations which are stable under particle decay. Some features of the S-matrix can be understood by examining the eigenphases; these are the numbers 6 t defined via Sir = ~ U, exp {2 i6,} U~t j .
I
Here S denotes the total S-matrix and U an orthogonal transformation. The quasibound state calculations are performed using the relative parameter set indicated by 7-11 in [24] . A 8Be calculation that in addition to the above quoted structures, allows for the SHe-SHe and SLi-t structures cannot be performed because of technical reasons due to restricted computer capacities. In principle, one could replace in a further calculation e.g. the 6Li-d structure by the SHe-SHe and SLi-t structures and by this solve the storage problem. However, the present calculation took about 22 hours of computational time at the CDC 7600 of the computing center at the University of Cologne. As a consequence a further calculation of at least the same extent cannot be justified in this context. In a recent SLi calculation [24] the influence of the 5He-t structure has been studied intensely. The SHe -3He and 5Li-t structures should act analogously on the coupled-channel calculation for the SBe scattering system. So, with the aid of the various data presented in the SLi calculation reasonable conclusions from analogy may be deduced for the 8Be scattering system.
The influence of the c~-~* channel in the energy region around the ~-~* threshold at 20.2MeV has been discussed in a separate paper [27] . This could be done since the coupling of the ~-~* channel to all other channels is less than 4 % [28] .
Results of the Scattering Calculation
In this Section we shall discuss results of a scattering calculation and partition the energy region into three fields of different relevance:
O MeV <Ex< I6 MeV
From a-a threshold up to about I6MeV center of mass the scattering states are very simple and may be interpreted by a simple model of two rotating clusters. The corresponding findings of [29] are reproduced, however, for J~=2 + the resonance energy is lowered from 3 MeV to 1.5 MeV. This is due to the allowance for the additional distortion channels.
16 MeV < Ex< 23 MeV
From 7Li-p threshold up to about 23MeV c,m. a complicated sequence of scattering states has been revealed by experimental investigations, that sequence being due to a relatively large number of different fragmentations that begin to provide a considerable influence in a comparatively narrow energy region. For the energy region from the VLi-p threshold up to 19.5 MeV c.m. the diagonal phase shifts reported in [23] do not change qualitatively in the present calculation; so we can refer to these curves without plotting them again. In regard to the no-crossing rule for different eigenphases that belong to one J~-value. The eigenphases are plotted versus c.m. energies relative to the calculated 7Li-p threshold. In the following we shall discuss all resonant states separately. According to a usual procedure [30] we take the resonance energies as the turning points of the curvature of the phases. MeV. This defect is due to the neglect of the SHe-3He and 5Li-t structures and is well-known from the SLi calculation: With the 5He-t channel the binding energy of the corresponding 2 + state is lowered by 1.1 MeV. At about 3.3MeV a broad resonance is found, the Smatrix yielding an inelastic parameter close to one. On the first glance it would be tempting to identify this state with the experimentally detected 2 + state at 20.1 MeV. However, experiment has yielded a comparatively narrow width of about 1.1 MeV for that state and a strong inelasticity of t/~0.3 (cf. [2, 27] ). Directly above the 6Li-d threshold a resonant state with J"=2 + appears that is strongly coupled to the other channels. In a general treatise about narrow resonances at thresholds in light nuclei Hackenbroich and Seligman [31] have classified this state as a threshold state. Their prediction has claimed parallel intrinsic angular momenta and reaction partners in relative S-states. In fact, our calculation supports the considerations of [3l] by producing a sharp resonant behavior of the phase shift in the 6Li-d channel with quantum numbers L=0, S=2, directly above the ~ d threshold. J"=3+: One resonant state is found at 1.7 MeV. The appearance of this state is due to the important influence of the (still closed) ~Li-d channel yielding a strong coupling of the 7Li-p and VBe-n structures (cf., e.g., [23] , Fig. 4) . Omission of the 6Li-d channel leads to a very small coupling of 7ki-p and VBe-n channels. Note, however, that even above 6Li-d threshold the OLi-d channel is only weakly coupled to the other channels. That is to say, if one allows for the ~'Li-d configuration the scattering process may proceed via an intermediate 6Li-d stage and both proton or neutron decay are possible. This two-step behavior is in agreement with experimental experiences. A second 3 + resonant state is not found due to the neglect of the SHe-SHe and 5Li-t structures. This may be concluded by way of analogy from [24] . J"=4+: No resonant behavior is found. From this we can conclude that the experimentally detected 4 + state at 19.9MeV is not generated by the employed fragmentations and relative angular momenta, and other structures must be responsible for the occurrence of that state (el. [27] ). more interesting features in the eigenphase shifts besides of two extremely broad 1-and 2-states, respectively, about 4MeV above the calculated 6Li-d threshold appear in our results. This is in reasonable agreement with experiment [1] since on one hand only extremely broad 1-, 2-structures at about 24 MeV with widths of 8 MeV have been found. On the other hand, the occurrence of the experimentally detected levels in the energy region up to 30MeV c.m. (except of the J~=0 +, T=2, analog of the SHe ground state which cannot appear in our calculation) seems to be questionable (cf. [1] The eigenphase shift exhibits a Wigner cusp at the 7Be-n threshold and another Wigner cusp at the VBe*-n threshold. This second cusp may be related to the experimentally found 1-state at 19.4 MeV. J~=2-: A threshold state positioned directly below the 7Li*-p threshold appears and the same argumentation as for the 2 + resonance at the 6Li-d threshold applies. It is tempting to identify this threshold state with the experimentally detected 2-state at 18.91 MeV. Above that, the 2-phase shift bends into a Wigner cusp at the 7Be-n threshold. J~ = 3-: Nothing remarkable is found besides of two extremely broad structures localized anywhere between 4 and 7.5MeV. One such resonance has already been found in a 8Li calculation [24] . J~ =4-: A broad resonant behavior occurs at about 3.5 MeV. This state may be related to the experimentally found 4-state at 20.9MeV. Furthermore a second extremely broad 4-structure with about the same position and localization as the 3-states appears.
3.3.23MeV<Ex<30MeV
For higher energies, i.e. beyond 23 MeV, the calculated results turn out to be the following: The 2 + eigenphase shift exhibits a resonant behavior about 3.5 MeV above the calculated 6Li-d threshold. This state should obviously be related to the experimentally detected 2 + state at 25.2 MeV. The corresponding phase shift curve is not plotted since it is the only one that exhibits a comparatively localized resonant behavior. In general, for energies beyond 23 MeV no
Results of Quasibound State Calculations
In this Section we present results of a series of quasibound state calculations. As discussed in [24] , such calculations are a considerable succor if they are performed together with scattering calculations. Significant information can be obtained by omitting successively the channel with the highest-lying threshold in a series of quasibound state calculations. Mutual comparison of the corresponding results discloses the relevant structures that contribute to the physical states. The results are displayed in Figure2 and will be discussed in the following. The level scheme resulting from the scattering calculation discussed in the preceding Section is given in Figure2a. The other columns of Figure2 show spectra of quasibound state calculations allowing for different combinations of participating structures. We start with a calculation where all structures are included (Fig. 2b) and successively omit the structure with the highest threshold energy. In all these calculations the same set of radial parameters for the test functions is used that has proved to yield a reasonable reproduction of the resonance energies [24] . Of course, the spectra had to be truncated at a certain energy in order to avoid meaningless levels. Direct comparison of the calculated and the experimental spectrum seems not to be very significant since the positions of the calculated thresholds are rather inadequate (cf. Table 1 ). For c~-~, J~-= 0 +, a poor approximation to the experimental situation is found; the calculated ground state is weakly bound. There are two possible explanations: First, the description of the ~-c~ fragmentation is of inferior quality, the c~ cluster being bound by 21.5 MeV instead of about 28.2MeV. The corresponding ~-ct threshold results too high. Or second, we run into numerical difficulties concerning the radial dependence of our test functions. A comprehensive explanation would go beyond the limits of this work, but we would like to mention that our test . 7LI" p . [24] ), including all structures, e as b but without 6Li-d structure, d as e but without 7Be*-n structure, e as d but without 7Be-n structure, [ as e but without 7Li*-p structure, g as f but without 7Li-p structure. In the upper part all levels above 7Li-p threshold are plotted. In the lower part the levels from a calculation including the 7-c~ structure are plotted functions start with R ~ whereas due to the Pauli principle better numerical stability is gained with test functions starting with R 4. Our calculations show 0 +, 2 +, 4 § states between the 2 + and 4 + states of the ~-c~ rotational band. However, our corresponding scattering calculation does not give any evidence for the occurrence of such states and it therefore seems that these states are spurious. Suffice it to say, that quasibound state calculations, although being more sensitive than scattering calculations, should in critical cases only be interpreted with regard to experiences made in scattering calculations.
If one looks at Figure2a and b one can say that in general good agreement for all J~-values with the results of the scattering calculation is found. One exception is the 0 + case and the above quoted explanations may be appertaining to that defect. From a comparison of Figure2d and e one can learn that neglect of the 7Be-n structure brings about the 2 + and 1 + states above 7Li-p threshold once. If the 7Be-n structure is allowed for, those structures appear twice. Summarizing the experiences made here one must perceive that quasibound state calculations gave different information about the scattering system in recent 8Li calculations [24] and in the present 8Be calculations. In the 8Be results appreciable changes are caused by the successive omission of the participating structures. Whereas the position of the second calculated 2 + state above 7Li-p threshold is drastically changed, the position of the first one is only slightly changed if the 7Be-n and 7Be*-n structures are omitted. Hence the appearance of the second state must be related to the structures 7Li-p, 7Li*-p and 7Be-n, 7Be*-n, respectively, and must be based upon a strong isospin mixture.
Discussion and Comparison of Different Microscopic Calculations
cated because of the existence of two isospin states and shifted towards higher energies because of the Coulomb repulsion. We want to stress once more one of the more outstanding findings of the 8Li calculation, i.e. the influence of the 5He-t structure on the scattering results. The same holds good by conclusion from analogy for the 5He-3He and 5Li-t structures in 8Be. If those structures are included, in general lowering of the resonance energies results; for L=0 states occurring at thresholds phases exhibit more distinctly pronounced resonant behavior, and at least one additional 3 + resonance is expected. Further changes are expected that are caused by the additional ~-c~ and 6Li-d channels. However, for most of the J~-values where results have been reported for, the practical situation looks somewhat differently:
Positive Parity States
J~=0+: Three resonant states appear and it is conceivable that one of them is caused either by the a-~ channel or by a two-step process via the 6Li-d intermediate structure. J~ = 1 + : Four resonant states are found compared to two resonant states which appear in 8Li. J~=2+: One bound state from 8Li is faced by three scattering states in SBe. The lower two of them are the corresponding bound states which, however, come to lie above the 7Li-p threshold since the 5He -3He and 5Li-t structures are omitted (cf. [24] ). The third one is the threshold state at the 6Li-d threshold. J~=3+: Two resonant states are expected to come from the 5He-3He and 5Li-t structures and thus, of course, cannot appear in the present calculation. Only one state from a two-step process via a 6Li-d intermediate stage is found. J~--4+: Resonant states occur neither in 8Li nor in 8Be eigenphases.
In the present work results of a microscopic multichannel calculation for the 8Be scattering system and results of corresponding quasibound state calculations for comparison and completion have been presented. In this discussion we shall not only recapitulate the results of the present calculations but moreover broach the results achieved in recent 8Li calculations [24] . This is in order to appreciate comprehensively the mutual and complementary capability of different calculations in the microscopic approach to give an elucidation of the eight-nucleon problem.
In the 8Be system the 8Li spectrum should be dupli-
Negative Parity States
J~=0-: The 8Li calculation did not exhibit resonant behavior; for 8Be one resonance is found in the 7Li*-p, L = 0, channel that is produced by the influence of the 7Be*-n channel. J~=l-: Here the situation is even more involved. The SLi calculation has yielded a resonant state at the 7Li*-n threshold. A corresponding state in 8Be is not found. This might be due to the Coulomb repulsion and missing 5He-3He and 5Li-t structures. Instead of that expected resonance Wigner cusps in the 7Li-p, L=0, and 7Li*-p, L=0, channels appear which are generated by the corresponding 7Be-n, L =0, and 7Be*-n, L=0, channels, respectively. Furthermore one would expect that the 7Be*-n state can be observed in VBe-n. Nothing of the kind is found which might be related to the missing 5He-3He and 5Li-t structures. J~ = 2-: A resonant behavior in the form of a vertical rise of the eigenphase shift at the 7Li-n threshold has been found in SLi. In the SBe results the corresponding eigenphase does not start vertically because of the Coulomb repulsion. Instead of this we find a clear-cut resonant behavior in the VLi-p, L=0, phase which bends into a Wigner cusp at the 7Be-n threshold. In the corresponding 7Be-n, L=0, channel such a behavior is not observed and the same argument as in the 1 case applies. However, one question remains open: Why does this resonant behavior starting at threshold, occur in the 2-eigenphase shift only but not in the 1 eigenphase shift in 8Be? J~=3 : In agreement with expectation two extremely broad rises of phase shifts at higher energies are found. J~= 4-: A similar behavior as for the 3-case occurs, however, the lower one of the states being somewhat more pronounced in the eigenphase shift. In agreement with the SLi results the 4 states are located a little lower than the 3 states. Finally, the present calculation has provided us in addition with extremely broad 1 and 2-structures beyond 23 MeV.
Final Remarks
This work together with recent publications concerning the eight-nucleon problem [-23, 24, 28] proves the microscopic approach to be a powerful tool for the investigation and elucidation of nuclear systems with higher mass numbers. For all that, we want to emphasize once more in conclusion that one point should not be passed over in silence. The results of the present work demonstrate distinctly where limits of our microscopic approach exist. In this work we have covered a large energy region. This implies large interaction regions in our calculations and thus an increasing number of nodes in the wave functions per unit volume. The employed method requires the approximation of the wave functions by square-integrable functions and thus becomes numerically more and more problematic the larger the energy region is. We want to emphasize especially, that it is not the increasing number of particles that arises problems but the considerable extent of the energy range that has to be covered in a SBe calculation. Therefore, investigations in even more complex systems with high-lying thresholds cannot be vindicated before computational techniques have been developed that go far beyond the present stage of application. The parameters used in (A.1) and (A.2) for the description of the considered fragments are listed in Table 2 . Finally, the square integrable functions of the relative motion have the form and used as an independent set for all channels k [24] .
